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Effects of Magnetic Order on the Superconducting Length Scales
and Critical Fields in Single Crystal ErNi2B2C
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The flux line form factor in small angle neutron scattering and transport data determine
superconducting length scales and critical fields in single crystal ErNi2B2C. For H k c, the coherence
lengthj increases and the penetration depthl decreases when crossingTN ­ 6.0 K, the Néel transition.
The critical fields show corresponding anomalies nearTN . For H ' c, the fourfold modulation of the
upper critical fieldHc2 is strongly temperature dependent, changing sign nearTN , and can be modeled
using the anisotropy of the sublattice magnetization. [S0031-9007(99)08514-2]

PACS numbers: 74.60.Ec, 74.25.Dw, 74.25.Ha
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A rich vehicle for studying the interplay between s
perconductivity and magnetism is thesREdNi2B2C sys-
tem [1], with TNyTc varying from 0.14sRE ­ Tmd to
1.6sRE ­ Dyd across the rare earth series [2]. This ran
means that the salient energy scales for antiferromagn
order and superconductivity can be explored in both lim
Tc , TN andTc . TN . For Tc . TN , the antiferromag-
netic transition occurs within the superconducting sta
In this case, it is interesting to examine the interpl
between superconductivity and magnetism in the cr
cal regime nearTN . Fundamental to this interplay and
indeed, to understanding the superconducting state in
eral, are the superconducting length scales: The coher
length j, the penetration depthl, and the superconduct
ing critical fields, including the lower critical fieldHc1,
the upper critical fieldHc2, and the thermodynamic criti
cal fieldHc.

In magnetic superconductors, however, onlyHc2 can
be easily measured using transport data [3]. Magnet
tion and specific heat data, used to determineHc1 and
Hc, are typically dominated by the response of the m
netism, particularly in large moment systems such
sREdNi2B2C.

In this Letter, we have studied single crystal ErNi2B2C
[4], a strongly type-IIsk , 5d superconductor withTc ­
10.5 K and, well belowTc, a magnetic transition [5] a
TN ­ 6.0 K, in an incommensurate, transversely pola
ized spin density wave withq ­ 0.5526ap. For strongly
type-II superconductors, most of theH-T plane is occu-
pied by the mixed state, wherein the material is permea
by an array of quantized flux lines. In the mixed sta
the superconducting properties are controlled by the fl
0031-9007y99y82(8)y1756(4)$15.00
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line lattice (FLL). Small-angle neutron scattering (SAN
experiments separate superconductivity, via the FLL p
odicity, and the magnetic order, with a typically muc
smaller periodicity than the FLL, in reciprocal space,
lowing them to be studied independently. The intens
of the FLL Bragg reflections is determined by the stru
ture of the individual flux line through the form facto
This form factor involves the superconducting penet
tion depth l, which determines the range of the ma
netic field around an isolated flux line, and the cohere
lengthj, which determines the size of the core of a fl
line. Using these independently measured length sc
we have calculated the critical fieldsHc1, Hc2, and Hc.
For fieldsH k c, all of these data show distinct signatur
on crossing throughTN . We have made a comparison
the change inHc to the predictions of a weak critical di
vergence of the pair breaking parameter. ForH ' c, we
have studied and modeled the influence of the magn
order on the in-plane anisotropy ofHc2.

Our sample was a single crystal [4] of ErNi2B2C
incorporating B11 to enhance neutron transmission. T
sample was an irregular platelet 1.3-mm thick and appro
mately11 3 8 mm in size. For the neutron experimen
the sample edges were masked with Cd, leaving a r
angular region10 3 7 mm exposed. The FLL was
imaged [6] using the SANS instrument at Risø Nation
Laboratory. Briefly, a magnetic field is applied rough
parallel to the incident neutron beam, whose wavelengt
6 , ln , 11 Å. The neutrons are Bragg scattered fro
the magnetic field pattern of the FLL and counted by
area detector at the end of a 6 m evacuated chamber.
H k c the FLL was square over the range of this stud
© 1999 The American Physical Society
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H ­ 1 10 kOe and T ­ 3 8.5 K. In this case, the
reflectivity of the first order FLL Bragg peaks, ca
culated from Ginzburg-Landau (GL) corrections
the London model [6], isR ­ s2pgn2ty16f

2
0qdH2

1 ,
where gn is the neutron gyromagnetic ratio andt is
the sample thickness. The flux-line structure co
tributes to the reflectivity through the form fact
H1 ­ sf0yl2d s 1

4 p2d exps22p2Bj2yf0d. Our data
consist of the field dependence ofR, averaged over fou
first order reflections, which we used in conjunction w
the reflectivity formulas to determinelsT d and jsT d as
shown in Fig. 1. The low temperature results,l , 700 Å
and j , 150 Å, agree with the literature [4,6]. Bot
parameters show pronounced features nearTN .

Near a magnetic transition, one expectsl to be reduced
by both the susceptibility [7] asl , l0ys1 1 4pxd1y2

and the mean free path, asl ø l0s1 1 j0y,d1y2. Nei-
ther effect, however, explains our data. First, publish
data [4,5] for the susceptibilityx give a result over an
order of magnitude too small to account for the feat
in our data. Second, normal state transport data show
only a smooth evolution of,, it being temperature inde
pendent aboveTN and gradually increasing by 30% belo
TN . This does not, then, explain our sharp features n
TN . The coherence lengthjsT d is similarly affected [8]
by , asj21 ­ j

21
0 1 ,21. Again, this expression doe

not account for our data nearTN .
We have used the length scales measured in our S

experiment to calculate all of the superconducting criti
fields. First, the upper critical field is calculated usi
Hc2 ­ f0y2pj2 as shown by the open triangles in Fig.
The solid line is the transport data [4], using pieces
from the same sample and an onset resistance crite
Above TN , the two types of data to determineHc2
coincide exactly. NearTN , both types of data show
comparable drop inHc2, but the SANS data increas
more strongly at low temperatures. The difference
these two measures in the magnetically ordered sta
still unclear. However, there is a change in the sh
of the resistance isotherms used to determineHc2 below

FIG. 1. Shown are the temperature dependence ofl, the su-
perconducting penetration depthshd, andj, the superconduct
ing coherence lengthsnd, as measured using the flux line for
factor in a SANS experiment. Both quantities show disti
features nearTN .
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TN , which may, in part, account for this discrepanc
Second, we have calculated the lower critical field fro
Hc1 ­ sf0y4pl2d fln k 1 0.5g as shown by the open
squares in Fig. 2. As stated in the introduction, the
are the first data onHc1 in this system. To simplify
Fig. 2, we have omitted error bars on theHc1 data, which
are comparable in relative magnitude to those shown
Hc2. The decrease inl is the dominant contribution to
Hc1 nearTN , giving rise to the upward cusp in our dat
We can also combine the data onl and j to determine
the dimensionless Ginzburg-Landau parameterk ­ lyj

as shown in the top panel in Fig. 3. This value has
remarkable temperature dependence, dropping more
20% nearTN , and also assuming a generally lower val
in the magnetically ordered state.

The thermodynamic critical fieldHc is one of the
most fundamental properties of the superconducting s
as it can be related either to the difference in the f
energies between the normal and superconducting s
or to the superconducting energy gapDsT d. We have
measured both magnetization and specific heat on
sample, but determination ofHc in these experiments
was inconclusive in the presence of the magnetic sig
This underscored the unique role of SANS data
understanding the thermodynamic aspects of the inter
of superconductivity and magnetism. The diamonds
the bottom panel of Fig. 3 show the SANS data f
the thermodynamic critical field using the GL formu
HcsT d ­ f0yf2

p
2 pjsT dlsT dg.

Our data forHc show a pronounced reduction nearTN .
In the inset of Fig. 3, this region is shown in an expand
scale. The dashed line, which accurately describes
data in the paramagnetic regime, is the mean field re
[8], HcsT d ­ HcsT ­ 0d f1 2 sTyTcd2g. Reductions in
Hc near magnetic transitions were previously trea
theoretically [9] from the standpoint of pair breakin
NearTN , one generically expects magnetic fluctuations

FIG. 2. Shown are the temperature-dependent supercond
ing critical fieldsHc2 andHc1. The upper critical fieldHc2 snd
determined from the SANS data usingHc2 ­ f0y2pj2 agrees
exactly with transport data (line) aboveTN , but shows some
deviations in the ordered state. The lower critical fieldHc1
shd defined byHc1 ­ sf0y4pl2d fln k 1 0.5g shows a slight
increase nearTN .
1757
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FIG. 3. Top: shown isk ­ lyj from the SANS data, which
shows a strong reduction nearTN , and an overall reduction
in the magnetically ordered state. Bottom: shown is
thermodynamic critical fieldHcsTd ­ f0yf2

p
2 pjsT dlsTdg

determined from the SANS data, which should not be affec
by changes in the transport mean free path. In the inset
region nearTN is expanded and two fits are shown. The das
line is the mean field result, which accurately describes the
aboveTN . The solid line includes the theoretically predict
correction due to the weak divergence of the pair break
parameterr.

increase the pair breaking parameterr. For the case o
partial Fermi surface nesting, the detailed prediction
is a weak critical divergencer ­ rsT ­ 0d 1 DrfsT 2

TN dyTN ga21, where a is the specific heat exponen
Since our data are rounded nearTN , we fix a ­ 0.13,
the 3D Ising value [10]. For weak pair breaking [11
the effect on the critical field is in the prefactor, wi
Hc0sT ­ 0dyHcsT ­ 0d ­ 1 2 0.57p2r, where we use
Hc0 to denote values belowTN . We normalize taking
HcsT ­ 0d from the data aboveTN and combine all of
the above formulas to get the solid lines in the inset.
get a good fit to the data, we have set the amplitudeDr

of the divergent contribution to the pair breaking to
a factor of 10 larger belowTN than above. Outside o
a rounded region with 0.5 K of the Néel transition, t
fit is quite good. This rounding is about the same as
measurements [5] of the magnetic order. These data,
specifically the divergent component ofr, are the first
measurements of pair breaking near a magnetic transi

For fieldsH ' c, Hc2 was determined from transpo
data. Small-angle neutron scattering experiments in
geometry were obscured by the Er absorption cr
section and the crystal geometry, so onlyHc2 could
be determined. Data for the field along two princip
directions in the plane, [100] and [110], are shown in
lower panel of Fig. 4. These results were found not
depend on the direction of the transport current in t
geometry. For fields perpendicular toc, TN is reduced
1758
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FIG. 4(color). Shown is the anisotropy of the upper critic
field for H ' c from transport data. In the lower panel a
rough data along two principal directions. These data
marred by misalignment relative to thec axis. Shown in the
inset is the full solid body rotation data forHc2 at T ­ 2 K,
with the in-plane oscillations magnified for clarity. In th
upper panel, the open circles are fits to the fourfold in-pla
componentHc2sud ­ Hc2f1 1 g coss4udg. The solid line is
the phenomenological model described in the text.

by about 0.5 K atHc2 [4]. ErNi2B2C is a tetragonal
crystal, so the leading order correction toHc2 in the a-b
plane is of the form coss4ud, whereu is the angle in the
plane. The coss4ud term, if it has sufficient magnitude
will stabilize [12] a square FLL in the vicinity ofHc2.

To understand this term in more detail, we used a tw
axis platform to perform full solid body rotations of th
field while measuringHc2. An example of such data
at T ­ 2 K is shown in the inset of Fig. 4, where th
in-plane oscillations have been magnified for clarity.
addition to the in-plane oscillations we describe here, n
thatHc2 shows a distinct cusp along thec axis, which we
were unable to understand within a simple effective m
approximation [13]. Two ac current directions,I k a
and I / s45±d, were used and found not to influenc
Hc2. However, precise alignment relative to the fie
is extremely important as the 40% greaterHc2 in the c
direction produces a coss2ud term which can dominate
the 10% in plane anisotropy when the sample is o
aligned by eye at room temperature. Shown in the top h
of Fig. 4 is the expansion coefficientHc2 ­ Hc2,0f1 1

g coss4udg extracted from the solid body rotations. Not
first, the term is strongly temperature dependent be
TN . Second,g actually changes sign nearTN .

We describe the effect of magnetic order on t
Hc2 anisotropy using a simple phenomenological mod
Superconductivity disappears due to a net internal fi
Bc2sT d, which is related to the external field viaHc2sT d ­
Bc2sT d 2 4pMsT , ud. Bc2sT d does not depend on an
anisotropy due to the magnetic order, and, for fields in
basal plane, normal state rotation data imply thatBc2 does
not have any coss4ud anisotropy. In the expression fo
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Hc2, M is the uniform magnetization induced by rotatin
the sublattice magnetization through an anglew, i.e.,
M ­ 2Ms sinswd. We first find a relation betweenu and
w by minimizing the free energy

F ­ aM2y2 1
1
4 fb1 1 b2 sin4swdgM4 2 M ? H (1)

with respect tow using the above expression forM. Here
a and theb’s are all positive. Calculatingw and adding
the contributions of the two orthogonal domains which a
present in these twinned samples belowTN , we find

Hc2su, T d ­ Bc2sT d 2 a0Hc2su, T d

1 sb0ya3dH3
c2sT , ud coss4ud , (2)

wherea0 andb0 are simply related to the coefficients
(1). Assuming small rotationw, or, equivalently, small
additional anisotropy,Hc2sT , ud in the right-hand side of
Eq. (2) may be replaced byBc2sT d. Then the leading
anisotropy term is proportional toB3

c2sT d coss4ud. In
the top panel of Fig. 4, we show the fit to this for
over the entire temperature range, although the deriva
is strictly valid only below TN . Clearly, we get an
excellent fit with the overall magnitude used as a fr
parameter. In principle, further measurements of
anisotropic magnetic susceptibility belowTN should allow
comparison of the magnitude as well.

In conclusion, we have made the first detailed m
surement of the superconducting length scales and cri
fields in a magnetic superconductor through the Néel tr
sition using SANS and transport studies of single crys
ErNi2B2C. All of the measured quantities show distin
anomalies nearTN . While much remains to be unde
stood about these effects, they underscore the inter
between superconductivity and magnetism in this syst
We have, however, made a preliminary analysis of
reduction in the thermodynamic critical field nearTN .
These data show the predicted weak divergence of
n
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al
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pair breaking parameter nearTN . We have also seen how
the antiferromagnetic order changes the in-plane fourf
modulation ofHc2, which affects the stability of the ubiq
uitous [14] square FLL seen in these compounds.
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